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Abstract A simple preparation method of gold nanoparticles
(AuNPs) using pamoic acid (PA; 4,4′-methylene-bis(3-hy-
droxy-2-naphthalene carboxylic acid)) with NaOH is de-
scribed. Although PA is insoluble in water, it can be dissolved
in the presence of NaOH and function as a capping and
reducing reagent to form the AuNPs. The thus-formed
AuNPs have a good monodispersity with diameters of 10.8
±1.2 nm and carboxylate functions that come from the PA.
Because PA is a methylene-bridged dimer of 3-hydroxy-2-
naphthalene carboxylic acid, the formation of the
AuNPs was examined also using the analogous mono-
mer molecules, i.e., 3-hydroxy-2-naphthalene carboxylic
acid, 2-hydroxy-1-naphtalene carboxylic acid, or 2-
naphthol. Consequently, it was found that the case of PAwas
specific to forming the spherical monodispersed AuNPs while
that differently shaped Au nanostructures were formed in the
other cases. The present preparation using PA would be
an interesting example that stable, monodispersed,
carboxylate-functionalized AuNPs could be prepared without
using thiols. Also, the present results may provide some
insight into molecular designs of capping reagents for prepar-
ing functionalized AuNPs without using thiol derivatives.
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Introduction
The chemical preparations of gold nanoparticles
(AuNPs) have been attracting considerable attention
due to their interesting properties and applicability in
nanoscience and nanotechnology. As typical preparation
methods of AuNPs in aqueous solutions, two ap-
proaches are well known, i.e., citrate ions have been
used for the size-controlled synthesis of AuNPs [1] and
tannic acid has been used for a rigid control of the size [2].
While a two-phase synthesis with thiol capping reagents [3]
has been utilized for preparing AuNPs with smaller sizes and
functional capping, the development of preparation methods
of AuNPs in an aqueous solution is still active. The green
synthesis of AuNPs [4, 5] would be one of the topics including
the use of plants [6] and microorganisms [7]. In addition,
preparation methods in which one reagent acts as a reducing
and capping reagent have been proposed because of their
simplicity [8–10].
When we consider the capping action of reagents toward
AuNPs, in the case of the thiol derivatives, the Au–S bonding
is a definite force for stabilizing the AuNPs. Various function-
al cappings have been performed with a variety of thiol
M. A. Aziz (*)
Center of Research Excellence in Nanotechnology, King Fahd
University of Petroleum andMinerals, Dhahran 31261, Saudi Arabia
e-mail: maziz@kfupm.edu.sa
M. A. Aziz :M. Oyama (*)
Department of Material Chemistry, Graduate School of Engineering,
Kyoto University, Nishikyo-ku, Kyoto 615-8520, Japan
e-mail: oyama.munetaka.4m@kyoto-u.ac.jp
J.<P. Kim
Surface Properties Research Team, Korea Basic Science Institute
Busan Center, Busan 609-735, South Korea
Gold Bull (2014) 47:127–132
DOI 10.1007/s13404-014-0134-0
derivatives. For example, carboxylate-functionalized AuNPs
were prepared using some thiol derivatives [11–14]. On the
other hand, in the cases of green synthesis as referred above,
which were carried out in aqueous solutions, the formation of
AuNPs is possible without forming any definite bonding
between Au and the capping reagents. This means that, even
though there are no peculiar groups to bond with the Au,
AuNPs can be prepared in aqueous solutions. Thus, to explore
successful examples to formAuNPs would still be meaningful
in order to know the molecular interactions to prepare AuNPs
and apply the interactions to advanced syntheses of the
AuNPs.
In the present paper, we show that pamoic acid (PA;
4,4′-methylene-bis(3-hydroxy-2-naphthalene carboxylic
acid); 1) can work as an effective capping and reducing
reagent in the presence of NaOH to form relatively
monodispersed AuNPs. PA has two 2-naphthol units,
which are bridged at position 1 of 2-naphthol by a meth-
ylene group, and each naphthol unit contains one carboxylic
acid group at position 3. While PA is usually utilized for the
salt formation of some drugs [15], it was also used as a
ligand for making dinuclear Ti(IV) complexes [16].
However, to the best of our knowledge, PA has never been
used to prepare AuNPs.
While we initially adopted PA as a trial, the use of PA has
permitted us to prepare relatively monodispersed ca. 11-nm
AuNPs at room temperature by working as a reducing and
capping reagent in the presence of NaOH. In addition, the
carboxylate functions of the thus-formed AuNPs have been
experimentally confirmed. Therefore, to explore the capping
actions of PA, the formations of AuNPs were examined also
using the analogous monomer molecules, i.e., 3-hydroxy-2-
naphthalene carboxylic acid (3H2NCA; 2), 2-hydroxy-1-
naphtalene carboxylic acid (2H1NCA; 3), and 2-naphtol (4).
Kundu and coworkers reported the use of 2-naphtol and
2,7-dihydroxy-naphthalene combined with UVor microwave
irradiation for the interesting structural forming of Au or Ag
nanocrystals [17–19]. While the naphthols have functions as
reducing reagents in their studies, our results present that some
naphthol derivatives have apparently less power for
nanostructural production in comparison to PA.
The synthesis of AuNPs with a monodispersity under rigid
size control have a significant scientific impact: successful
size-controlled preparations have been reported for
alkanethiol-protected AuNPs [20], and AuNPs were first pre-
pared in an aqueous phase and then transferred to non-
polar solvents [21]. In our present trial, it would be
characteristic that well-monodispersed AuNPs as in pre-
vious studies [20, 21] could be prepared with PA in an
aqueous solution.
Experimental
Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O), PA,
3H2NCA, 2H1NCA, 2-naphthol, 3-aminopropyl-
trimethoxysilane (APTMS), and cadmium nitrate tetrahydrate
were purchased from Sigma-Aldrich. All other reagents were
purchased fromWako Pure Chemicals, Ltd. Indium tin oxide-
coated glasses (ITO)were purchased fromGeomatec Co., Ltd.
(Yokohama, Japan). All solutions were prepared with ultra-
pure water obtained from a water purification system
(Millipore WR600A, Yamato Co., Japan).
The UV-visible spectra were recorded by an optical spec-
trophotometer, USB 2000, Ocean Optics, Inc. The transmis-
sion electron microscopic and X-ray photoelectron spectro-
scopic analyses were performed at the Korea Basic Science
Institute, Busan Center, Korea. The scanning electron
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microscopic (SEM) images were observed using a field-
emission scanning electron microscope (FE-SEM; JSM-
7400 F, JEOL, Japan).
As a typical preparation method of AuNPs with PA, 7.9 mg
PA was placed in a test tube and 9.0 ml of pure water was
added followed by sonication for 15 min. Forty microliters of
1.0 M NaOH (aq.) was then added to the solution, and pure
water subsequently added to make the volume 10.0 ml. The
mixture was then sonicated for 15 min to make the 2.0-mM
PA solution clear. Next, 100 μl of 1.0 M NaOH (aq.) was
added and sonicated for 1 min; then, 10 ml of a 1.34-mM
solution of HAuCl4 (aq.) was added under sonication and
stored for 15 min. Finally, the solution was stored for
60 min undisturbed to allow the complete formation of the
AuNPs.We checked the necessity of this process by observing
the changes in the absorption spectra and found that further
stirring after the mixing tended to be unfavorable for preparing
the monodispersed AuNPs. Similar preparations were carried
out with other reagents, i.e., 3H2NCA, 2H1NCA, or 2-
naphtol, but, in these cases, the concentrations were increased
to 4.0 mM, i.e., twice that of PA, to make the amount of the
naphthol units the same.
In preparing some samples for the TEM and X-ray photo-
electron spectroscopy (XPS) measurements, the prepared so-
lution of the AuNPs with PA was centrifuged at 12,000 rpm
and the obtained sediment was redispersed in 1 mM NaOH
(aq.). The centrifugation and redispersion processes were
repeated three times to remove any free or loosely bound
molecules. For the TEM analysis, the AuNPs were transferred
to a copper grid by dipping it into the purified alkaline solution
of the AuNPs. For the XPS analysis, the purified alkaline
solution of the AuNPs was dropped onto a cleaned ITO
substrate and dried at 40 °C.
In preparing the AuNP-modified ITO, a piece of ITO was
immersed overnight in ethanol containing 2 % APTMS (v/v)
at room temperature, and the amine-terminated ITO was pre-
pared. After washing with ethanol, the electrode was dried by
flowing nitrogen. On the other hand, the solution of the
AuNPs was centrifuged at 12,000 rpm and the supernatant
was decanted. The obtained sediment was redispersed in
water. The centrifugation and redispersion processes were
repeated three times. The APTMS-modified ITO was dipped
in the purified aqueous AuNPs solution for 2 h. After washing
with water, the modified ITO electrode was dried at 40 °C.
Results and discussion
PA is insoluble in water, but its sodium salt can be dissolved.
Therefore, in the present study, we first prepared a clear
alkaline solution of 2.0 mM PA by sonication followed by
the further addition of NaOH to promote the PA function as a
reducing reagent. The solution was then mixed with an
aqueous solution of HAuCl4 under sonication, and the forma-
tion of AuNPs was initiated. After the mixing, the color of the
solution changed from yellow to blackish and then deep red,
which indicated the formation of the AuNPs. Figure 1a shows
the absorption spectra and Fig. 1b (left) shows a photo of the
thus-prepared solution. Since the alkaline solution of PA or
HAuCl4 does not have any absorption in this wavelength
region, the characteristic absorption peak observed at
507 nm in Fig. 1a and the color in Fig. 1b (left) can
be attributed to the formation of the AuNPs. The ab-
sorption did not change with time, which could be
recognized by the absorption spectrum recorded 7 days
after the preparation of the solution (Fig. 1a). The color of
the solution did not change over several months and no
precipitates were formed. These results indicate the high sta-
bility of the synthesized AuNPs.
To confirm the capping states of the AuNPs by PA, we
added a 0.15-ml aqueous solution of 6.7 mM Cd(NO3)2, i.e.,
Cd2+, to a 1.35-ml aqueous solution of the AuNPs, which was
prepared by centrifuging and redispersing the AuNPs in water
to remove any unbound PA. As a result, the color of the
solution has changed to blue as shown in Fig. 1b (right). It is
known that such a color change is due to the aggregation of
the AuNPs and that, when the carboxylate groups are present
on the surfaces of the AuNPs, the aggregation proceeds in the
presence of divalent cations, such as Cd2+, Hg2+, and Pd2+
[13]. Thus, it was proved that carboxylate groups are present
on the surfaces of the present AuNPs prepared with PA. This
would be reasonable judging from the molecular structure of
PA having two carboxylate groups in one molecule. Because
the carboxylate groups can be an anchor group to bind Au
Fig. 1 a Visible absorption spectra of the solutions of AuNPs prepared
with PA measured (a) just after the preparation and (b) after 7 days. b A
photo of a solution of AuNPs prepared with PA (left) and the color change
after mixing with Cd2+ (right)
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[22], it is considered that one of the carboxylate groups
worked by contacting with Au and that the others located on
the outer surface.
Next, we obtained TEM images of the AuNPs prepared
with PA. The results are shown in Fig. 2a, b. The TEM images
clearly indicate that the synthesized AuNPs are spherical and
that the mean diameter was 10.8±1.2 nm. The low standard
deviation represents the good monodispersity of the prepared
AuNPs. The histogram in Fig. 2c shows the size distribution.
The diameters of the AuNPs are limited to between 8.5 and
14.5 nm, and the diameters of 81.4 % of the AuNP are in the
range between 9.5 and 12.5 nm. This dispersion was almost
reproducible in several preparations under the same condi-
tions. The good size regularity was also confirmed in the FE-
SEM observation after immobilization of the AuNPs on
amine-terminated ITO surfaces (Fig. 2d). We can see that the
AuNPs of the same size were homogeneously dispersed on
the surface of the ITO. The attachment should be based on the
electrostatic interaction between the amine groups terminated
on the ITO surface and the carboxylate groups on each AuNP.
Furthermore, the present AuNPs prepared with PA were
analyzed by XPS. The purified AuNPs showed only two
peaks at 83.3 and 87.0 in Fig. 3a corresponding to the Au
4f7/2 and Au 4f5/2 core-level binding energies which con-
firmed the presence of only metallic gold (Au0) in the
AuNPs [23]. In Fig. 3b, the C 1s peaks were clearly identified
at 284.6, 288.6, and 289.1 eV which correspond to the –C–
C–, adsorbed –COO− group on the Au surfaces, and free –
COO− groups, respectively [24, 25].
As for the formation of the AuNPs with PA, it would be
characteristic that the carboxylate-functionalized AuNPs can
be easily prepared with a goodmonodispersity using PA as the
Fig. 2 aA typical TEM image of
AuNPs prepared with PA. b A
high-magnification image of a. c
A histogram depicting the size
distribution of the AuNPs. d A
typical FE-SEM image of AuNP-
modified amine-terminated ITO
surface
Fig. 3 a, b XPS spectra of
AuNPs prepared with PA
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reducing and capping reagent. Because hydroquinone has
been reported to have a function to reduce AuCl4
− with
NaOH [8], and because 2-naphtol derivatives work as a re-
ducing reagent [17–19], the two hydroxyl groups of PA
should be involved in the reduction of AuCl4
− to form
AuNPs. On the other hand, two carboxylate groups should
have the key function for capping AuNPs and for character-
izing the nature of the AuNPs by locating at the outer surface.
To compare the results obtained with PA, we next investi-
gated the formation processes with 3-hydroxy-2-naphthalene
carboxylic acid (3H2NCA; 2), 2-hydroxy-1-naphtalene car-
boxylic acid (2H1NCA; 3), and 2-naphtol (4). Consequently,
we could never prepare monodispersed AuNPs as prepared
with PA. For example, Fig. 4 shows the TEM results for
AuNPs prepared with 2H1NCA. As apparently shown in the
images, the shape of the AuNPs was not spherical but irreg-
ular, and the size dispersity was apparently not good. In this
case, the absorption spectrum exhibited an absorption maxi-
mum at 558 nm (data not shown). Because the absorption
maximum of the smaller AuNPs (ca. 10 nm) should be around
510 nm as in Fig. 1a, the longer wavelength shift implied the
formation of AuNPs with a larger size. In addition, the ab-
sorption spectrum changed to an absorption maximum at
541 nm after 7 days, which suggested that the stability of the
AuNPs was not good in comparison to the AuNPs prepared
with PA. This should be due to the weaker capping of
2H1NCA. Similar results were obtainedwith 3H2NCA; there-
fore, it is inferred that the position of a carboxylate group
would not be very significant during the formation of
the AuNPs. It should now be emphasized that the dimer
structure of PA linked with a methylene group would be
a key factor to form the monodispersed AuNPs, while
the monomer may have a reducing power and weaker
capping ability.
We also tried the same reduction of AuCl4
− with 2-
naphthol. As a result, the reduction processes of AuCl4
− and
the formed nanostructures of gold were totally changed in
comparison to the other cases. Actually, after mixing with
the solution of HAuCl4, the color of the solution turned dark
gray and the color was maintained after a 15-min sonication.
Figure 5 shows TEM images of the formed materials. Some
strange-shaped nanowires, like worms, were formed together
with small nanospheres. The diameter of the nanowires was as
small as 3.3±0.5 nm. In a previous report, the gray color of the
solution has been noted for gold nanochains [26]. Therefore,
the present color change matched well with the formation of
the nanowires. The smaller nanostructure as in Fig. 5 might be
a reflection of the lower reduction power and the unique
capping of 2-naphtol. However, the lack of the carbox-
ylate is inferred to be unsuitable for capping; therefore,
other capping molecules might be necessary as in the pre-
vious studies [17–19].
Fig. 4 aA typical TEM image of
Au nanomaterials prepared with
2H1NCA. b A high-
magnification image of a
Fig. 5 aA typical TEM image of
Au nanowires prepared with 2-
naphthol. b A high-magnification
image of a
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Based on the previous results obtained with 3H2NCA,
2H1NCA, and 2-naphtol instead of PA, we concluded that
one naphthalene moiety of the capping reagents was not
sufficient to stabilize the formed AuNPs, though they reduced
the AuCl4
−. Therefore, it is inferred that the rigid size control
(or capping) with PA has been permitted by the methylene-
linked two naphthalene moieties. In addition, based on the
formation of the wormlike Au nanowires with 2-naphtol and
the ill-shaped AuNPs with 3H2NCA and 2H1NCA, the car-
boxylate group should have the function to stabilize the
AuNPs. Thus, the rigid capping of PA is regarded to come
from the methylene-linked naphthalene moieties and two
carboxylate groups located outside.
Conclusions
During the reduction of AuCl4
− with PA in the presence of
NaOH, monodispersed AuNPs, with diameters of 10.8±
1.2 nm, could be easily prepared. Reflecting on the presence
of two carboxylate groups in PA, the formed AuNPs have
carboxylate functions because only one carboxylate group
would be used in the capping interaction. While the anchoring
power of a carboxylate group is normally weak [22], due to
the help of the naphthalene moieties of PA, it is expected that
effective capping could be achieved while maintaining the
monodispersity. As for the effects of aromatic rings, some
integration with gold have previously been reported [27],
and hydroquinone has been reported to form AuNPs [8]. As
one remarkable achievement of the present study, the stable,
monodispersed, carboxylate-functionalized AuNPs could be
prepared without using thiols, while the known carboxylate-
functionalized AuNPs had been prepared with thiol anchors
[11–14]. Thus, the proposed facile synthesis in an aqueous
solution should be worthwhile reporting as a safe and clean
synthesis of carboxylate-functionalized AuNPs.
In our trials using the analogous monomer molecules in-
stead of PA, it was found that structural controls were difficult
in spite of some progress in the reductions of AuCl4
−. Judging
from the formation of the ill-shaped Au nanowires with 2-
naphtol, one carboxylate group would be helpful for
nanostructural construction. However, the key factors of the
rigid size control with PA would be due to the methylene-
linked naphthalene moieties and two carboxylate groups. The
present results may provide some information about molecu-
lar designs for carboxylate-functionalized AuNPs without
using thiol derivatives.
Furthermore, in a previous study, heat treatment has been
reported to be effective for the precise size control of
alkanethiol-protected AuNPs [20]. Also, for the aqueous-
phase synthesis of AuNPs to be transferred to nonpolar
solvents [21], the ratio of borohydride anions/hydroxyl anions
was a key factor for the size control. While our present study
has been limited to the preparation of AuNPs of 10.8±1.2 nm
in aqueous solutions at room temperature, we are going to
explore the possibility of the size control with PA as the next
step.
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